It indicates that the damage in the oxide is more serious near the anode interface by impact ionization and oxide breakdown is also closely related to surface roughness at the cathode interface. When all the damage sites in the oxide connect and a conductive path between cathode and anode is formed, oxide breakdown occurs. The damage is more serious for thicker oxide because a thicker oxide is more susceptible to impact ionization.
I. INTRODUCTION
T HE degradation of the thin gate oxide under high-field stress is of great importance to MOS devices. As the gate oxide thickness is reduced in order to achieve better MOS device performance, the oxide electric field continues to increase. With these increasing electric fields many degradation mechanisms begin to emerge. Primary among these are interface trap generation and charge trapping in the SiO , both or either of which can cause severe degradation of the device performance and of its operating life.
Particularly, the integrity and reliability of the thin tunnel gate oxide are essential for flash EEPROM devices [1] - [3] . Their operation involves the transfer of charge through the oxide between a silicon (Si) substrate and a floating polysilicon (poly-Si) gate. Fowler-Nordheim (FN) tunneling has been one of the main mechanisms for programming and erasing the memory cells. Unfortunately, the current through the oxide degrades the quality of the oxide, causing drift in the threshold voltage ( ), reduction of transconductance ( ), increase of subthreshold current swing, increase of stress-induced oxide leakage current, and eventual oxide breakdown. Therefore, the problems associated with the charge flow through the oxide are of primary concern for flash memories.
In order to realize highly reliable performance of the flash EEPROM memory cell, the degradation mechanism of the oxide should be well understood. There have been a large number of studies for high-field stress effects on thin oxide films, and significant progress has been made over the last two decades. However, most of the early researches on this subject have dealt with MOS capacitors and/or MOSFET's, and the degradation of the tunnel gate oxide of flash memories have been inferred based on the measurement results of the MOS devices. According to early studies, the oxide degradation is very sensitive to the fabrication process and device parameters, and the magnitude of the effects is found to depend strongly on the device fabrication details [4] , [5] . Considering the significant fabrication differences between MOS devices and flash EEPROM's, it is uncertain whether the results from conventional MOS structures can properly predict the degradation of the tunnel oxide in flash EEPROM's. Moreover, there have not been many comprehensive models that can explain overall oxide degradation and breakdown mechanisms.
In this paper, we investigate the degradation of the tunnel gate oxide under FN tunneling stress by using a flash EEP-ROM structure. This can lead to a better understanding of the nature of oxide degradation in flash memory devices.
II. EXPERIMENTAL
The test devices ( Fig. 1 ) used in this study are n-channel flash EEPROM's fabricated with a double-gate flash EEPROM device process. They were fabricated on (100) n-type Si substrates with 16-25 cm resistivity. A pocket p-well is formed by a cm , 80-keV boron implant in the n-well with a cm , 100-keV phosphorus implant. Gate oxides, approximately 100 and 200Å thick, are grown as tunnel oxides. The n-type floating poly-Si gate was doped with POCl with a sheet resistance of 365 /sq. and 1500Å thickness. The insulator films on the floating poly-Si gate were an ONO film (50Å SiOÅ Si NÅ SiO ). Then an n-type polycide control gate was formed by a conventional POCl process with a sheet resistance of 55 /sq. and a 1500 A thick WSi was deposited by CVD. The n-type source/drain (S/D) implant (As, 50-keV, cm ) was performed after a gate etching process. The highest temperature for heat treatment after gate patterning was 970 C. The final S/D diffusion junction depth was approximately 0.3 m with a sheet resistance of 50-70 /sq..
The devices in our experiments are flash EEPROM devices with an additional electrical contact to the floating gate. This allows us to emulate the real situation in flash EEPROM's where charge transfer occurs through the gate oxide between the floating gate and Si substrate. The devices have channel width ( )/channel length ( ) ratios of 100/20 and 200/20 m/ m for the 100Å gate oxide, and 100/100 m/ m for the 200Å gate oxide. Constant current stress and -measurements were made with an HP4145B semiconductor parameter analyzer. In the stress measurements, MOSFET's were biased into either "substrate"-or "gate"-injection tunneling by applying positive or negative current to the floating gate. Both source and drain are grounded so that they can supply electrons for tunneling. A constant current density ( ) of 10 mA/cm was used for all constant current stress measurements. This current density is comparable to that encountered in EEPROM's and requires a 9-10 MV/cm electric field across the tunnel oxide film.
The -characteristics were first measured before any stress for an initial parameter check. The devices were then subjected to FN current stress using a constant current source. After known time intervals, the stress was interrupted andplots were remeasured. This procedure was repeated until the devices broke down.
III. RESULTS AND DISCUSSIONS

A. Gate Voltage,
Under continuous constant FN current stress, charges are trapped in the oxide, necessitating a change in gate voltage to maintain the constant current through the oxide. For example, negative charges (electrons) trapped in the oxide lower the magnitude of oxide field, consequently the magnitude of should increase to retain a constant current flow. Likewise, the magnitude of should decrease for positive charge (hole). Therefore, the gate voltage shift , defined as the change of gate voltage due to the stress compared to the pre-stress value, can provide the properties of the charges trapped in the oxide. Its sign depends on the direction of stress as well as the polarity of charge trapped in the oxide. Under substrate injection stress, is negative for hole trapping and positive for electron trapping. Similarly, under gate injection stress, is positive for hole trapping and negative for electron trapping.
The gate voltage shifts under F-N current stress are shown in Fig. 2 . Here, is the injected charge density obtained by multiplying the current density ( ) by the stress time ( ), . All curves go through either minimum or maximum values around 0.01 C/cm and begin to turn around. The turnaround has been widely discussed in the literature [6] - [8] . The occurrence of the turnaround suggests that not only negative charges but also positive charges can be generated during the stress. Positive charges are dominantly generated in the oxide at low followed by negative charges at high . The position and the mechanisms producing the positive oxide charges, responsible for the turnaround of , are still controversial. However, the generation of positive charges is generally attributed to either hole trapping [9] , [10] or electron detrapping [7] , [11] , caused by impact ionization [12] . As the stress increases, the generation of negative charges in the oxide exceeds that of positive charges, causing to turn around. The generation of negative charges is mainly due to the trapping of electrons injected into the oxide during the constant current stress. Another observation is that once passes the turnaround, it keeps increasing with stress until breakdown occurs at about 5-15 C/cm . Since does not saturate, it is generally considered that both the generation of new electron traps as well as the electron trapping in existing traps contribute to the negative charges [7] , [13] . After the turnaround, the change of becomes larger for substrate injection stress than gate injection stress, implying that substrate injection stress generates more negative charges or less positive charges in the oxide.
It is also observed that changes differently depending on the stress direction and oxide thickness. The change of is more evident for thick than for thin oxides throughout all stress periods. For thick (200Å) oxide devices, the turnaround of is deeper and the overall change of is larger than those of thin (100Å) oxide devices. Gate injection stress creates a deeper turnaround at a higher than does substrate injection stress. All the above observations suggest that the generation and trapping of both positive and negative oxide charges are enhanced for thicker oxide [14] , and that the generation of positive charges increases under gate injection stress.
B. Threshold Voltage,
The threshold voltage, , is one of the most important parameters from a device operational point of view. For an n-channel enhancement mode MOSFET on uniformly doped substrates with no short-or narrow-channel effects, and with both source and substrate grounded, the threshold voltage can be expressed as (1) where is the Fermi potential, the electron charge, the silicon dielectric constant, the permittivity of free space, the acceptor doping concentration, the oxide capacitance, the metal-semiconductor work function difference, and the charge distribution factor [15] . Here, is defined as the trapped-oxide sheet charge density and the Si/SiO interface charge density in C/cm .
includes all charge components that are not sensitive to silicon surface potential such as the trapped-oxide charge and the fixed oxide charge . On the other hand, strongly depends on the silicon surface potential. The change in threshold voltage resulting from charge trapping in the oxide is then given as (2) Equation (2) indicates that the threshold voltage shift takes into account the effect of both trapped-oxide charge and interface traps.
Typicalcharacteristics for n-MOSFET's under substrate injection stress are shown in Fig. 3(a) . The effects of the stress appear as a shift in the -curve along the axis and a decrease in the slope of the -curve. The threshold voltage shifts due to the stress are shown in Fig. 3(b) . The overall trends of are similar to those of such as the formation of the turnaround and their polarity and oxide thickness dependence. The turnaround of is observed for all stress conditions, and the depth of the turnaround varies depending on the stress polarity and oxide thickness. At low , positive charge buildup in the oxide dominates, causing the threshold voltage to decrease. As stress increases, the generation and trapping of negative oxide charges prevail, and the threshold voltage shift turns around into the positive direction. The turnaround occurs at about the same for each polarity stress, independent of the gate oxide thickness. Specifically, the turnaround points were observed around 0.5-1.0 and 0.002-0.005 C/cm for gate injection and substrate injection stress, respectively. Gate injection stress differs from substrate injection stress in that the turnaround of appears deeper in the negative direction at a higher . Thick oxide creates a deeper turnaround for either polarity stress, which is consistent with the results of . A large deviation between and is noticed for gate injection stress, and the deviation becomes larger for thick oxides. This indicates that positive charge trapping mainly occurs near the Si/SiO interface with its higher generation rate under the gate injection stress and for thicker oxides. All these observations suggest that gate injection stress involves more positive charge trapping near the Si/SiO interface than does substrate injection. The positive charges are due to holes, either injected from the anode or created by an impact ionization process, and/or positive interface charges. Since the thick oxide is more susceptible to impact ionization, the positive charge buildup occurs even faster, and thus larger negative result for thick oxide devices. As electron injection through the oxide increases, electron trapping usually dominates over positive oxide charge trapping, and thus eventually increases in the positive direction. Under gate injection stress for a 200Å oxide device, however, the effect of positive oxide charge trapping is large enough for to remain negative during the entire stress period.
C. Subthreshold Swing,
A useful parameter in the subthreshold regime of -characteristics is the gate-voltage swing . It is defined as the gate voltage required to change the current by one decade [16] - [18] , and is given by (3) where , , , and are the depletion layer, the oxide, the interface trap, and the flat-band capacitances, respectively.
, and is interface trap density in cm -eV . Considering the generation of interface traps due to stress, the subthreshold swing change can be expressed as after stress before stress where is the interface trap capacitance change due to stress. Therefore, the change in interface trap density due to stress, , is directly related to as (4) Fig. 4(a) shows the subthresholdcharacteristics under substrate injection stress. The subthreshold -curve shifts along the axis and its slope is degraded with stress. This is an indication of both oxide charge trapping and Si/SiO interface charge trapping. The degradation of the subthreshold current slope is mainly due to the generation of interface traps, and is shown in Fig. 4(b) as a function of stress. Subthreshold swing increases under both gate and substrate injection stress, and it keeps increasing with increasing stress. The degradation of subthreshold swing is more severe under gate injection stress, implying that gate injection stress creates more interface traps. In addition, thick oxides clearly experience more degradation of compared to thin oxides, suggesting that thick oxides are more sensitive to the interface trap generation due to stress.
On the other hand, as substrate injection stress increases, a severe distortion of the subthreshold -curve appeared, making the subthreshold slope difficult to interpret. It consists of an anomalous high leakage current component in the lower half of the distortion and normal subthreshold current behavior in the upper half. However, no clear distortion ofwas observed under gate injection stress. The exact mechanism causing the distortion is not well known at this time, but it is likely related to the high leakage current underneath the field oxide between source and drain [19] . In normal n-MOSFET operation conditions, the thick field oxide as well as the p -channel-stop implant prevent the source-to-drain leakage along the edges of the silicon island. However, if an inversion layer can be formed under the field oxide prior to the inversion of the silicon surface under the gate oxide due to the degradation of the field oxide, the leakage current dominates the subthreshold current characteristics at low gate voltage values. Since the distortion of the subthreshold current curve appears under substrate injection stress only, it is considered that the field oxide degradation is much more serious under substrate injection than gate injection stress. 
D. Trapped-Oxide Charge Voltage Shift ( ) and Interface Trap Voltage Shift ( )
The threshold voltage shift under high-field stress reflects the generation of both interface traps and trapped-oxide charge, i.e., , where and are the voltage shifts due to interface traps and trapped-oxide charge, respectively. It is often that alone cannot provide enough information on oxide degradation due to stress, and the separation of into and needs to be done [20] . It is based on the general assumption that interface traps in the upper half of the band gap are acceptors and those in the lower half of the band gap are donors, having interface traps uncharged at the midgap condition ( ). First, the midgap current ( ), defined as the current at the midgap condition, is obtained from the subthreshold current equation [21] (5) where is the effective electron mobility, , and the intrinsic carrier concentration. With the midgap current, the corresponding midgap voltage shift ( ) can be monitored with stress, and this represents the shift due to trapped charge in the oxide only, i.e.,
. Since the midgap current generally is very small (less than 1 pA), the subthreshold curve must be linearly extrapolated to the current level to locate the midgap voltage. The shift in the threshold voltage due to interface traps is then the difference between the midgap and threshold voltage shifts and is given by Once and are known, the density of trapped-oxide charge and interface traps can be determined by and , respectively. Here, represents the density of interface traps between midgap and threshold conditions. Fig. 5(a) shows typical , , and under gate injection stress. The midgap voltage shift is slightly less than the threshold voltage shift, but both show similar trends with stress. The voltage shift due to interface traps increases in the positive direction with stress, indicating an increase of interface traps. This also supports the assumption that the upper half of the band gap are acceptors because the acceptor interface traps are negatively charged between midgap and threshold conditions, resulting in a positive voltage shift. and under gate and substrate injection stress. Again, the turnaround of is indicative of dominant positive oxide charge trapping at low followed by dominant negative oxide charge trapping at high . Interface trap density keeps increasing with increasing stress, which is consistent with the subthreshold slope data. It is evident that gate injection stress creates more positive oxide charges and interface traps than does substrate injection stress. Positive oxide charge trapping is higher for thicker oxide under either stress direction.
E. Transconductance,
Another important parameter that characterizes a MOSFET is the transconductance, . In the linear region, it is defined as eff for (6) where is the saturation drain voltage. It is apparent from (6) that is proportional to . Since depends on lattice and Coulomb scattering by oxide and interface charges, one of the direct consequences of stress is the reduction of the transconductance [22] , [23] .
The versus curves obtained from -curves under substrate injection stress are shown in Fig. 6(a) . Clearly, the transconductance is degraded as well as shifted along the axis as a result of stress. The transconductance curve shift is mainly due to charge trapping in the oxide, and agrees with the threshold voltage shift. On the other hand, the reduction of transconductance reflects the reduced channel mobility due to the charge trapping in the oxide and at the Si/SiO interface. The degradation of maximum transconductance is shown in Fig. 6(b) as a function of stress. The degradation under gate injection stress turned out to be more serious than that under substrate injection stress, which is consistent with the results of and . The degradation rate is relatively constant for each stress polarity independent of oxide thickness and gate area, and it is always higher under gate injection stress than substrate injection stress. Specifically, at 10 C/cm of , the of gate and substrate injection stress drops about 50 and 30% compared with the unstressed conditions, respectively.
F. Charge-to-Breakdown,
As charge is transported through the oxide a wear-out phenomenon occurs, even at very low currents. Once the total charge transported through the oxide accumulates a "charge-to-breakdown" level, , a short-circuit between the gate and the silicon substrate develops. Since depends on oxide and interfacial quality, it has been widely used as a measure of reliability, and it is determined by the time-dependent-dielectric-breakdown (TDDB) technique using constant-current stress. Breakdown is conventionally defined as a sudden drop in the voltage magnitude needed to maintain a constant current. Constant-current stress ensures that the stress conditions such as the electric field at the injecting electrode and the F-N current are fixed. Hence, a clear connection between a specific stress condition and the resultant breakdown characteristics can be established. It is also a convenient way to characterize the integrity of the gate oxide. This type of stress roughly emulates the conditions experienced in nonvolatile EEPROM memories, which rely on the tunneling of electrons to and from a floating gate. Fig. 7 shows of n-MOSFET's for injection of both polarities. Here, was obtained by multiplying the current density ( ) by the time-to-breakdown ( , . Although there exists experimental scatter in the data, the general trend is that of substrate injection stress is higher than that of gate injection stress. This agrees with previous reports [24] - [26] , and suggests either that more significant damage in the oxide occurs under gate injection stress than substrate injection stress and/or that the poly-Si/SiO interface is weaker than the Si/SiO interface mainly due to the rougher poly-Si/SiO interface. The of thick oxides, with larger scatter in data, is relatively lower than that of thin oxides, implying that thicker oxides are weaker under high-field stress. 
IV. BREAKDOWN MODEL
The oxide breakdown model is based on all the experimental results and analyzes. Our high-field stress data show serious oxide degradation phenomena under stress in the form of electron and hole generation and their trapping in the oxide, and trap generation in the oxide and at the Si/SiO interface. All of them degrade oxide quality in one way or another and result in oxide breakdown.
We believe that physical damage to the oxide plays a key role. The source of such damage is the energetic electrons flowing through the oxide from the cathode to the anode. Under constant current stress, as shown in Fig. 8 , electrons tunnel through a triangular barrier via the F-N tunneling mechanism, then travel through the conduction band of the oxide while undergoing scattering events. Some electrons get trapped at existing and newly created traps, which produces a net negative charge throughout the stress period. If the kinetic energy (KE) of electrons in the applied field is sufficient for impact ionization, electron-hole pairs and new traps are generated, hence contributing additional negative and positive charges. The impact ionization process [12] has a strong dependence on oxide thickness and electric field. It can be band gap or trap ionization depending on the magnitude of KE that the electrons gain. Band gap ionization occurs when the electrons have energy greater than 9 eV. Since the average kinetic energy gained by the electrons in the oxide conduction band increases with increasing electric field, band gap ionization is enhanced under higher field. The KE gained in a given field also depends on the distance traveled in the oxide conduction band. If the distance is not sufficient, the KE of an average electron can not build up to a band gap ionization threshold, and impact ionization is less likely to take place. Thus thick oxides have more electrons with energies greater than the impact ionization threshold compared to thin oxides. The band gap ionization also occurs at the anode interface. When they are discharged at the anode, the electrons release both the KE gained in the field, and the potential energy (PE), the energy difference between the bottom of the oxide conduction band and the anode conduction band. If this energy release at the anode is greater than the impact ionization threshold ( 3.2 eV), it can cause physical damage in the form of band gap ionization, trap generation, or bond breaking. On the other hand, trap ionization is considered when the mean kinetic energy of electrons in the oxide is about 4-5 eV, Fig. 8 . Schematic band diagram of an MOS structure before (dotted line) and after (solid line) charge generation due to F-N current injection. Electrons are injected from the cathode, and get trapped as they move to the anode. Some electrons attain sufficient KE for impact ionization in the oxide and at the anode. Also shown is the possible hole injection from the anode due to the increased anode electric field after stress.
which is well below the threshold for band gap. This energy, however, is sufficient to detrap electrons in defect states within the SiO band gap by impact ionization, and it can generate negative and positive bulk charges by electron trapping and detrapping.
Once holes are generated under impact ionization, they are relatively immobile and tend to be caught in trap sites near their points of origin. Hence, more positive charge trapping appears in the oxide closer to the anode, causing shift in the negative direction. Trap generation occurs at the interfaces as well as in the oxide, but interface trap generation at the anode is particularly severe due to the large amount of energy imparted by the electrons to weak interfacial bonds. As a result of charge trapping and trap generation, the electric field in the oxide is no longer uniform but increases locally. This accelerates impact ionization, contributing more damage in the oxide. At breakdown, all the damage sites in the oxide link, and a conductive path between cathode and anode is formed.
The stress direction dependence of the observed device characteristics can be understood with this model. For gate injection stress, holes are trapped near the Si substrate, and interface traps are generated at the Si/SiO interface, i.e., heavier damage at the Si/SiO (anode) interface. As a result, they affect device characteristics like , , and . Similarly, for substrate injection stress, holes are trapped near the poly-Si gate and interface traps are generated at the polySi/SiO interface, causing more damage at the poly-Si/SiO (anode) interface. However, they do not affect the device characteristics as much as for gate injection stress because their location is far away from the Si/SiO interface. The dependence of on the stress direction appears to be involved with the interface roughness. For gate injection stress, the heavier damage in the oxide near the anode (Si/SiO ) links up with the rougher cathode (poly-Si/SiO ) interface. Therefore, oxide breakdown under gate injection stress is reached earlier than under substrate injection stress, where the heavier damage near the anode (poly-Si/SiO ) connects to the smoother cathode (Si/SiO ) interface. The dependence of on the oxide thickness is also evident by considering the impact ionization process. Since the thicker oxides are more susceptible to impact ionization, the physical damage occurs faster for thicker oxide, and thus lower results.
V. DISCUSSION AND CONCLUSION
In this study we have presented the effects of high-field stress on oxide degradation. Our main interest was on the stress-induced oxide degradation of "flash EEPROM" devices. In these devices, the operation involves electrons flowing through a thin tunnel gate oxide between the Si substrate and a floating poly-Si gate under a high electric field across the gate oxide. Therefore, problems related with charge flow through the oxide under high electric field are critical issues for flash memories. We employed flash EEPROM test structures and emulated the real situation in flash EEPROM's by applying a high electric field on the tunnel gate oxide between the floating gate and Si substrate. This provided us better understanding of the tunnel gate oxide degradation in the flash memory devices. Under F-N high-field stress, several types of damage occurred in the tunnel gate oxide of flash EEPROM devices. This damage, in the form of positive and negative charge formation in the oxide as well as the generation of interface states at both the poly-Si/SiO and the Si/SiO interfaces, degrades the overall device performance and shortens its operating lifetime.
We observed a turnaround of and under constant F-N stress. The occurrence of the turnaround is an indication that positive charge trapping in the oxide is dominant at low , followed by negative charge trapping at high . The nonsaturating behavior of implies that oxide traps are not merely filled with negative charges, but are created continuously until breakdown occurs. depends on oxide thickness as well as stress direction. For thicker oxides, a deeper turnaround of is formed due to more positive charge trapping in the oxide. The turnaround of is deeper under gate injection stress than substrate injection stress. The positive charge is mainly due to holes created by an impact ionization process, which is enhanced for thick oxides and seems more active under gate injection stress, evidenced by results of . The threshold voltage shift follows the same trend as , but the magnitude of the change is different with respect to each other. The difference reflects that positive charge trapping takes place near the Si/SiO interface, causing large in the negative direction. The effect of high-field stress on the generation of interface traps has been investigated by monitoring the change of , the subthreshold current, and the subthreshold current slope. The interface trap density increases with increasing , and its increase is accelerated for thick oxides. The generation of interface states at the Si/SiO interface is higher under gate injection than substrate injection, implying that stress induced damage at the Si/SiO interface is heavier under gate injection stress. However, the damage in the field oxide seems more serious under substrate injection stress, evidenced by severe distortion of the subthresholdcurve. In addition, a very clear distinction between gate injection and substrate injection is observed from . The degradation rate of under gate injection stress is always higher than that under substrate injection stress.
Charge-to-breakdown of MOSFET's also shows stress direction and thickness dependence. Oxide breakdown is accelerated under gate injection stress and more severe damage in the oxide results for thicker oxides. Large scatter of data indicates that may be affected by poly-Si/SiO and Si/SiO surface roughness as well.
By combining all results, a simple model of oxide degradation and breakdown was constructed. According to the model, the oxide damage appears more serious near and at the anode interface by impact ionization, and oxide breakdown is closely related to the surface roughness of both interfaces. When all the damage sites in the oxide can link up with each other and a conductive path between cathode and anode is formed, oxide breakdown occurs. If the cathode interface is rough or weak, this makes it easier for a conductive leakage path between the cathode and anode to form because the anode is heavily damaged by the stress. The damage is more serious for thicker oxides because the thicker oxides are more susceptible to impact ionization. Hole trapping, in particular, dominantly takes place near the anode interface. Holes, generated by impact ionization, are relatively immobile and tend to be caught in trap sites near their points of origin (anode). Hence, more positive charge trapping appears in the oxide closer to the anode, causing higher in the negative direction. Interface traps are also created predominantly at the anode interface, degrading both and . Therefore, the model also suggests that having a smoother surface at both Si/SiO and poly-Si/SiO interfaces as well as thinner oxides can improve both oxide degradation and breakdown under high-field stress.
